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Abstract: This paper presents the results of a numerical non-linear finite element modeling of the 
response of reinforced concrete slabs to the blast loads. A concrete slab with conventional 
reinforcement was analyzed using multi-degrees of freedom finite element model. A single degree 
of freedom model was also used in the analysis for comparison. The blast load was modeled as a 
tri-angular pressure load and distributed uniformly within the slab surface. The nonlinear behavior 
of concrete and reinforcing steel was taken into account in the finite element model. The effects of 
applying the relatively high dynamic load with a short duration on the material properties were 
taken into account by means of dynamic increasing factors. It has been found that the single 
degree of freedom procedure which is adopted in technical manual “Structures to Resist the effects 
of Accidental Explosions “TM5- 1300 gives conservative results compared to finite element 
procedure. Also the displacement –time history for the slab been plotted and it has been found that 
it was similar to the expected time history illustrated in literature.      
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صلختسم : تحت ةحلسملا ةيناسرخلا تاطلابلل يطخلالا كولسلا ةجذمنل ةيددع ةسارد جئاتن ةقرولا هذه ضرعت
ةدودحملا رصانعلا ةقيرط مادختساب تاراجفنلإا لامحأ ريثأت . مادختساب ًايداع ًاحيلست ةحلسم ةيناسرخ ةطلاب ليلحت مت
دودحملا رصنعلا ةقيرط مادختسابو ةيرحلا تاجردل ددعتم جزومن . ةيكيمانيدلا لامحلأل عيرسلا قيبطتلا ريثأت ذخأ امك
ةيكيمانيدلا ةدايزلا تلاماعم مادختساب داوملا صاوخ ىلع . ىف حيلستلا ذلاوفلو ةناسرخلل ىطخلألا كولسلا ذخا
رابتعلاا . ةحاسم ىلع ماظتناب اعزوم ةرابتعا مت امك نمزلا عم ةلادلا ىثلثم طغض ةنا ىلع ريجفتا لمح ليثمت مت
ةطلابلا حطس . ةمواقمل تائشنملا ميمصتل ىكيرملاا ليلدلا ىف ىنبتملا وهو ةيرحلا ةجرد ىداحا جزومنلا نا دجو
 ريجفتلاTM5-1300ةيرحلا تاجرد ددعتم جزومنلا جئاتنب ةنراقم ةريبك جئاتن ىطعي  . نمزلا ىنحنم مسر مت اضيأ –
ةقباسلا ثوحبلا للاخ نم فصو امك عقوتملا ىنحنملا عم قباطتم ةنا دجوو ةطلابلل ةحازلاا . ريثأت سرد امك
ةناسرخلا ةطلابلا ةيليطم ىلع حيلستلا ةبسن ريثأتو ةناسرخلا ةطلابلا ةمواقم ىلع حيلستلا ةبسنو ةناسرخلا ةمواقم .
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 ىدؤت حيلستلا ةبسن ةدايز نا دجو امك ةطلابلا ةمواقم نم ديزت حيلستلا ةبسن ةدايزو ةناسرخلا ةمواقم ةدايز نا دجو
ةيليطملا ةدايزل. 
 
 
1.  Introduction 
 Protecting civilians and buildings from the threat of explosions is one of the most critical 
challenges for structural engineers today. Events of the past few years have greatly heightened the 
awareness of structural designers of the threat of criminal attacks using explosive devices.[1] 
In the design of buildings to air blast loading or other severe dynamic loads, it is not economical to 
consider the structural response in its elastic range only [2]. If that was the case, such structures 
would become un-proportionally strong. Therefore, the structural elements should be allowed for 
certain plastic deformations, which better utilizes their energy absorbing capabilities if exposed to 
dynamic loads. It is vital to design for ductile response in order to partial or total collapse of a 
structure due to locally failed elements. [3] 
 The single-degree-of-freedom (SDOF) models is commonly used for analyzing the dynamic 
flexural response of structural elements and in the design of protective structures subjected to blast 
loading.  Available design guidelines and manuals for protective design are mostly based on the 
Single degree of freedom (SDOF) approach (The method is incorporated in the American 
Technical Manual “Structures to Resist the Effects of accidental Explosions”TM5-1300(2008).[3]. 
The SDOF model being simple and approximate has several advantages such as ease of use, low 
design costs.  
The finite element analysis is a more accurate sophisticated numerical technique in which all the 
complexities of the problems, like varying shape, boundary conditions, loads, material properties 
and nonlinear structural behavior are maintained as they are but the solutions obtained are 
numerically approximate.[4]   
2. Literature review: 
Several researches and efforts have been done in the field of analysis and design of structures 
subjected to the effects of the blast loads. The researchers concentrate on modifying existing 
Annual Conference of Postgraduate Studies and Scientific Research (Basic and Engineering Studies Board)                                      
17-20 February 2012, Friendship Hall, Khartoum 
 
3 
 
single-degree-of-freedom approache and develop new approaches for more complex structures by 
means of experimental works and computer modeling. 
P. Mendis and T. Ngo (2003) presented a vulnerability/survivability assessment procedure based 
on the analysis of a typical tall building in Australia. The structural stability and integrity of the 
building was assessed by considering the effects of the failure of some perimeter columns, 
spandrel beams and floor slabs due to blast overpressure or impact. The criterion of the analysis is 
to check if failure of any primary structural member will cause progressive collapse propagating 
beyond one story level above or below the affected member vertically, or to the next primary 
structural member vertically. The overall stability of the structure will rely on continuity and ductility 
of the failed elements to redistribute forces within the structure. The authors suggest some 
methods to improve the impact resistance of concrete walls and slabs, as well as the rotation 
capacity of the beams, columns and joints which have been found from this study of crucial 
importance for collapse prevention. [8] 
Jon A. Schmidt (2003) summarized the methods available to define an external terrorist bomb 
threat and estimate structural design loads and element responses using simple dynamic system 
models and principles. [9] 
Jin Won Nam, Jang-Ho Jay Kim, Sung Bae Kim, Na Hyun Yi and Keun Joo Byun performed a 
study on mesh size dependency of finite element blast structural analysis induced by non-uniform 
pressure distribution from high explosive blast wave. In this study, the analytical considerations 
were presented for mesh sensitivity due to non-uniform pressure load distribution on the structure 
subjected to blast wave of high explosive with relatively close stand-off. Through the analysis 
results, the maximum element size which ensures the mesh-size independent analysis results was 
suggested. [10] 
Also T. Ngo, P. Mendis, A. Gupta & J. Ramsay (2006) presented a comprehensive overview of the 
effects of explosion on structures. An explanation of the nature of explosions and the mechanism 
of blast waves in free air is given was presented. This paper also introduces different methods to 
estimate blast loads and structural response. [1] 
 Du Hao and Li Zhongxian (2006) studied the dynamic behavior of RC slabs under blast loading 
and its influencing factors. The numerical model of an RC slab subjected to blast loading is 
established using the explicit dynamic analysis software. Based on the numerical results, some 
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principles for blast-resistant design and retrofitting are proposed to improve the behavior of the RC 
slab subjected to blast loading.[11] 
 Zubair I. Syed, Priyan Mendis, Nelson T.K. Lam and Tuan Ngo (2006) published a paper explores 
different methods of obtaining pressure-impulse diagrams using SDOF model. Pressure-Impulse 
(P-I) diagrams which include both blast pressure magnitude and duration are often used in 
concrete damage assessment. Types of resistance function used in SDOF analysis of concrete 
elements influence the ultimate response and eventually the amount of blast damage. [12] 
  Krzysztof Cichocki studied the material modeling for concrete plate subjected to blast load, the 
elasto-plastic material model with damage for concrete has been implemented and validated 
through the numerical simulation of the dynamic response of the concrete plate loaded by a far-
field explosion [13], [14] 
Johan Magnusson’s thesis(2007) performed experimental and theoretical research on concrete 
beams subjected to static and air blast loads. the results of static and air blast tests on reinforced 
concrete beams of different concrete grades. The amount of tensile reinforcement was varied in 
order to study the mechanical properties of the beams and some beam. [3] 
Mark Andrew McClendon and Hani Salim (2007) focus on the design techniques for the loading on 
roof structures and the resistance of open web steel joists. They used finite element analysis to 
evaluate the responses from numerically calculated blast loads and compared them to the 
equivalent loading response. [15] 
2.1 Explosion Characteristics 
Blast loads are produced from the detonation of explosive materials. The fast moving blast wave or 
shock front generates an almost instantaneous rise in pressure from ambient pressure to a peak 
incident pressure at any point away from the explosion. The pressure then decays to a value 
slightly below ambient before returning to ambient pressure. Figure 2-1, shows the pressure-time 
history for an ideal blast wave in air at any point located away from the explosion. The peak 
pressure and duration at a given point are functions of the type and weight of the explosive 
material and the distance from the explosion. [5] 
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Figure(1) Ideal Blast Wave (Adapted from TM5-1300, 2008) 
 
In determining the characteristics of a blast wave, such as peak pressure and duration, much use 
is made of the Hopkinson scaling law (Baker, 1973 and Kinney and Graham, 1985). This law states 
that two explosions will have identical blast wave characteristics at equal scaled distances, Z. The 
scaled distance is defined as W=Z/ R3 
Where: 
 R = actual distance from the center of the explosive source to the point of interest 
W = total weight of the explosive material. 
Several formulae are based on the scaling low such as the analysis due to Brode which leads to 
the following results for peak static pressure in the near field and in the medium to far field [7] 
                Ps=6.7/z3+1 bar                                               (Ps>10 bar) 
               Ps=0.975/z3+1.455/z2+5.85/z-0.019              (0.1<Ps<10 bar) 
Publications such as the Department of Defense design manual for accidental explosions (TM5-
1300, 2008) utilize this relationship by presenting curves that give peak pressure, duration, and 
impulse as a function of Z. 
Several formulae are based on the scaled distance such as most of the literature (TM5-1300, 2008 
and DOE, 1992, for example) presents methods for determining blast loads on structures. 
2.2 Single degree of freedom models 
2.2.1 Introduction 
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Complexity in analyzing the dynamic response of blast loaded structures involves the effect of high 
strain rates, nonlinear inelastic material behavior, uncertainties of blast load calculations, and time 
dependent deformations. Therefore, to simplify the analysis, a number of assumptions related to 
the response of structures and loads have been proposed and widely accepted. To establish the 
principles of this analysis, the structure is idealized as a single Degree of Freedom system and the 
link between the positive duration of the blast load and the natural period of vibration of the 
structure is established. This leads to blast load idealization and simplifies the classification of the 
blast loading regimes. 
2.2.2 Elastic Single-Degree-of-Freedom Systems 
The actual structure can be replaced by an equivalent system as one point in the structure. The 
resistance at this point is also taken as the resistance for the entire structure. The equation of 
motion for a linear elastic, damped single-degree-of-freedom system as follows and shown in fig 5-
1 [24] 
 
Where 
 M = mass of structure. 
k = structural stiffness. 
c = damping coefficient. 
F1 = constant force value. 
f(t) = non-dimensional time value. 
 
Fig(2) Damped, Single-Degree-of-Freedom System. 
Annual Conference of Postgraduate Studies and Scientific Research (Basic and Engineering Studies Board)                                      
17-20 February 2012, Friendship Hall, Khartoum 
 
7 
 
 
According to different researchers the effects of damping are hardly ever considered in blast 
design. [5] 
The blast load can also be idealized as a triangular pulse having a peak force Fm and positive 
phase duration td. (See Figure 5-2) The forcing function is given as:                    𝐹 𝑡 =
𝐹m (1 −
𝑡
𝑡d 
 ) 
 
Figure(3) Triangle Blast load 
 
The blast impulse is approximated as the area under the force-time curve, and is given by 
𝐼 =
1
2
 𝐹m 𝑡d 
The equation of motion of the undamped elastic SDOF system for a time ranging from 0 to the 
positive phase duration, td; is given by Biggs (1964) as 
𝑀𝑦 + 𝑘𝑦 = 𝐹m (1 −
𝑡
𝑡d 
 ) 
The general solution can be expressed as 
 
in which (w) is the natural circular frequency of vibration of the structure and (T) is the natural 
period of vibration of the structure given as 
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The maximum response is defined by the maximum dynamic deflection ym; which occurs at time tm: 
The maximum dynamic deflection ym can be evaluated by setting velocity in the above Equation 
equal to zero. 
The dynamic load factor (DLF) is defined as the ratio of the maximum dynamic deflection ym to the 
static deflection yst which would have resulted from the static application of the peak load Fm; as 
follows: [1] 
 
The structural response to blast loading is significantly influenced by the ratio td/T  
Three loading regimes are categorized as follows: 
1. td/T < 0.4: impulsive loading regime 
2. td/T > 0.4: quasi static loading regime 
3. 0.4 < td/T < 0. 40: dynamic loading regime [7] 
2.2.3 Elasto-Plastic Single-Degree-of-Freedom Systems 
Structural elements are expected to undergo large inelastic deformation under a blast load or high 
velocity impact. The exact analysis of dynamic response is then only possible by a step by step 
numerical solution requiring non linear dynamic finite element software. However, the degree of 
uncertainty in both the determination of the loading, and the interpretation of acceptability of the 
resulting deformation, is such that the solution of a postulated equivalent ideal elasto-plastic SDOF 
system (Biggs, 1964) is commonly used.  Interpretation is based on the required ductility factor µ= 
ym=ye (see fig 5-3) 
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Fig (4) Simplified resistance function of an elasto plastic SDOF system. 
 
 
3. Finite element Modeling of R/C slab using ANSYS Software: 
3.1  Solid65 element  
The Solid65 element was used to model the concrete (Solid 65 reinforced concrete solids). This 
element has 3-Dimensional and eight nodes with three degrees of freedom at each node–
translations in the nodal x, y, and z directions.  This element is capable of plastic deformation, 
cracking in three orthogonal directions, and crushing. A schematic of the element is shown in 
Figure 6.1.  
              
 
 
Figure (5) Solid 65 Elements (ANSYS V 11) 
 
 
3. 2  Link8 element  
A Link8 element was used to model steel reinforcement. This element is a 3D spar element and it 
has two nodes with three degrees of freedom – translations in the nodal x, y, and z directions. This 
element is also capable of plastic deformation. This element is shown in Figure 6.2.  
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Figure (6) Link 8 Element (SASYS V 11) 
 
3.3 Material Models 
The concrete is assumed to be homogeneous and initially isotropic. The compressive uniaxial 
stress-strain relationship for concrete model is obtained by using the following equations to 
compute the multi-linear isotropic stress-strain curve for the concrete as shown in figure 6.3 and 
figure 6.4. 
The multi-linear curves were used to help with convergence of the nonlinear solution algorithm. 
The crack modeling depends on smeared cracking modeling. Model to define the failure of the 
concrete, Ex is the modulus of elasticity of the concrete ( CE ), and PRxy is the Poisson’s ratio ( ).  
 The compressive uniaxial stress-strain relationship for the concrete model was obtained using the 
following equations to compute the multilinear isotropic stress-strain curve for the concrete: 
                                                          
                                                                     
                                                                          
Where:  
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          f   = stress at any strain ε   
         ε    = strain at stress    f     
         = Strain at the ultimate compressive strength  Cf  
        :1  Strain corresponding to Cf3.0  
The multilinear isotropic stress-strain implemented requires the first point of the curve to be defined 
by the user. It must satisfy Hooke’s Law;   
                 E = σ/ε                                                                          (6.4) 
                σ = 0.3 

Cf                                                                     (6.5) 
 
Figure (7) Uniaxial Stress-Strain Curve 
 
 
Figure 6.3 shows the stress-strain relationship used for this study and is based on work done by 
Kachlakev, et al. (2001). Point 1, defined as

Cf3.0  is calculated in the linear range (Equation 
6.4). Points 2, 3, and 4 are calculated from Equation (6.5) 
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With   obtained from Equation (6.2) Strains were selected and the stress was calculated for 
each strain. Point 5 is defined at fc and  =0.0035in/in indicating traditional crushing strain for 
unconfined concrete. [27] 
Material Model Link8 element is being used for all the steel reinforcement in the slab and it is 
assumed to be bilinear isotropic. Bilinear isotropic material is also based on the von Mises failure 
criteria the bilinear model requires the yield stress (fy), as well as the hardening modulus of the 
steel to be defined. 
Parameters needed to define the material models can be found in Table 6.2.  
As seen in Table 6.2, there are multiple parts of the material model for each element.  
Implementation of the Willam and Warnke (1974) material model in ANSYS requires that different 
constants be defined. These 9 constants are: (SAS 2003)  
1. Shear transfer coefficients for an open crack;  
2. Shear transfer coefficients for a closed crack; 
3. Uniaxial tensile cracking stress;  
4. Uniaxial crushing stress (positive); 
5. Biaxial crushing stress (positive); 
6. Ambient hydrostatic stress state for use with constants 7 and 8; 
7. Biaxial crushing stress (positive) under the ambient hydrostatic stress state (constant 6); 
8. Uniaxial crushing stress (positive) under the ambient hydrostatic stress state (constant 6); 
9. Stiffness multiplier for cracked tensile condition. 
Typical shear transfer coefficients range from 0.0 to 1.0, with 0.0 representing a smooth crack 
(complete loss of shear transfer) and 1.0 representing a rough crack (no loss of shear 
transfer). The shear transfer coefficients for open and closed cracks were determined using the 
work of Kachlakev, et al. (2001) as a basis. Convergence problems occurred when the shear 
transfer coefficient for the open crack dropped below 0.2. No deviation of the response occurs 
with the change of the coefficient. Therefore, the coefficient for the open crack was set to 0.3 
(Table 6.3). The uniaxial cracking stress was based upon the modulus of rupture. This value is 
determined using,    𝑓𝑟 = 7.5 𝑓𝑐′                                        (6.6) 
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                     Table (1) concrete coefficient for Calibration Model 
Open shear transfer coefficient 0.3 
closed shear transferred coefficient 0.7 
uniaxial cracking stresses 517.445 
uniaxial crushing stresses 4760 
 
 
Figure (8) Stress-Strain Curve by using ANSYS (11) 
 
 
Table (2) Material Models for the Calibration Model 
Material Model Element Type Material Properties 
  Linear Isotropic 
      Ex                      3.8E6 
      PRxy                              0.2 
  Multilinear Isotropic 
1 Solid 65   3.76E-4                     1428      
         9.08E-4                       3050.186  
         1.44E-3                       4113.856 
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         1.97E-3                       4627.331 
         2.51E-3                        4760.00 
          0.0035                          4760.00 
  Linear Isotropic 
   Ex                        2.9E7 
       2 Link8                PRxy 0.3 
  Bilinear Isotropic 
   Yield Stresses             2.9E7 
   Tang Mod                 2900 
 
3.4 Meshing  
The Finite element mesh for the slab model is shown in Figure 6.7 
 
Figure (10) Meshes of the Concrete, and Steel 
 
 
Link8 elements were used to create the flexural reinforcement. Reinforcement exists at a plane of 
the slab. The steel reinforcement top and bottom model shown in figure 6.8 
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Figure (11) – Reinforcement Configuration 
 
To obtain good results from the Solid65 element, the use of a rectangular mesh is recommended. 
Therefore, the mesh was set up such that square or rectangular elements were created (Figure 
6.7). The necessary element divisions are noted. The meshing of the reinforcement is a special 
case compared to the volumes. No mesh of the reinforcement is needed because individual 
elements were created in the modeling through the nodes created by the mesh of the concrete 
volume. However, the necessary mesh attributes as described above need to be set before each 
section of the reinforcement is created.  
3.5 Loads and Boundary Conditions 
Displacement boundary conditions are needed to constrain the model to get a unique solution. To 
ensure that the model acts the same way as the TM5-1300 -2008 slab, boundary conditions need 
and load applied to top surface nodes for slab.   
4. Analysis and Discussion of Results 
4.1 Introduction 
A 12x15x1 feet reinforced concrete slab with conventional reinforcement placed at 12 inches 
center to center in both directions in the top and bottom of the slab with different diameters and 
different concrete strengths has been modeled using the finite element software ANSYS. The slab 
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is considered to be fixed in its four sides and subjected to triangular blast loads with different peak 
values. The pressures are assumed to be uniformly distributed within the surface of the slab. The 
slab has been analyzed using ANSYS and by the procedure described in the TM5-1300  
4.2 Finite element model and SDOF model comparison: 
It has been found that the maximum deflections obtained from the TM5-1300 analysis and design 
procedure and maximum deflections obtained by using the finite element dynamic analysis 
package (ANSYS) are as shown in Fig 7.1 and Table7.1: 
 
Fig (12): Maximum deflections obtained from Finite element model versus TM5-1300 procedure. 
Table (3): Maximum deflections obtained from Finite element model and TM5-1300 procedure. 
Slab No. Pressure 
(psi) 
Max deflection 
obtained by FEM 
(inch) 
Max. deflection 
obtained by TM5-1300 
(inch) 
1 5.0 0.011696 0.0588 
2 10.0 0.023392 0.0784 
3 15.0 0.035087 0.0882 
4 20.0 0.051905 0.1274 
5 25.0 0.067683 0.1568 
6 30.0 0.083913 0.2058 
7 35.0 0.098751 0.2744 
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One can observes that the difference between values obtained from the single degree of freedom 
model and finite element model in the elasto-plastic and plastic ranges become more conservative 
in comparison with the difference of values obtained in the elastic range this may be  attributed to 
the fact that the sources of conservative in the non-elastic ranges are greater [22] because in these 
ranges the analysis is based on the yield line theory which obtained a conservative results in 
addition to the conservative from using single degree of freedom, and the finite element model 
gives a lower bound values. From the analysis of the finite element model the following results had 
been found: 
Maximum deflection=0.0421044 in 
Maximum elastic pressure= 18 psi 
Then the stiffness of the slab will be as follows: 
stiffness = 18/0.043044=418.17 psi/in 
While the stiffness of the single degree of freedom model in the elastic range is: 
Ke= 10.97/0.028=391.78 psi/in 
The stiffness of the finite element model is greater that the stiffness of the single degree of freedom 
model because the finite element model obtains a lower bound solution which means the model of 
the finite element is more stiffer. 
5. Conclusions and Recommendations 
A slab with conventional reinforcement was analyzed using a finite element model and 
incorporating a single degree of freedom model. 
The nonlinear behavior of concrete and reinforcing steel was taken into account. 
The effects of applying the relatively high dynamic load with a short duration on the material 
properties were taken into account by means of dynamic increasing factors. 
The blast load was modeled as a tri-angular pressure load and distributed uniformly within the slab 
surface. It has been found that the single degree of freedom procedure which is adopted in TM5-
1300 gives conservative results in comparison to finite element procedure. 
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